A graded reduction in the oxygen tension of the medium bathing aortic strips resulted in a decrease in creatine phosphate and adenosine triphosphate levels in the tissue, but only the fall in creatine phosphate could be correlated with the contractile changes observed during hypoxia. The tissue glycogen concentration was not altered at any oxygen tension, indicating that under the conditions of the experiment glycogenolysis did not contribute substrate in significant amounts. Although lactate concentrations rose as the oxygen tension was progressively lowered, changes in the concentration of this metabolite did not correlate with the contractile response to hypoxia. The reduction in contractile tone induced by lowering oxygen tension of the medium was less when the tissue was exposed to 25 mM glucose than it was with 5 mM glucose. Addition of pyruvate did not mimic this sparing effect of glucose. These results indicate that the loss of contractile tone in arterial muscle exposed to low oxygen tensions is not directly attributable to a deficit in the availability of adenosine triphosphate within the tissue but, rather, is a consequence of more subtle alterations in the energy metabolism of the muscle.
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• The biochemical mechanisms by which alterations in oxygen tension (Po 2 ) are translated into changes in contractility of vascular smooth muscle have not been defined. In fact, there has been no systematic study of the metabolic consequences of a graded reduction in the oxygen (O2) available to arterial muscle. Honig (1) has speculated that hypoxia causes an elevation in the tissue content of 5'-adenosine monophosphate (5'-AMP) and inorganic phosphate (Pi), both of which inhibit the adenosinetriphosphatase (ATPase) activity of smooth muscle myosin B. However, the achievement of concentrations of these substances high enough to produce significant ATPase inhibition has not yet been demonstrated in vascular smooth muscle. Detar and Bohr (2) have suggested that reduction in the O2 available to contracting arterial muscle decreases the rate of adenosine triphosphate (ATP) synthesis to a level that cannot provide sufficient energy for contraction. However, this suggestion is based on indirect evidence, since no measurements of the metabolic activity of arterial muscle were made in their study.
In an attempt to elucidate which metabolic parameters are related to the physiological response of vascular tissue to reduced Po 2 and which are not, we initiated a study to describe and correlate the alterations in the biochemistry and the contractile physiology of arterial muscle which result from reductions in Po 2 . This report describes primarily the effects of hypoxia on the tissue concentration of high-energy phosphate compounds and other biochemical parameters related to the enzymatic processes serving the energy requirements of arterial muscle.
Methods
Aortic strips were prepared according to Furchgott (3) . The thoracic aorta was obtained from rabbits (2-3 kg), and the strips were cut to be approximately 5 X 40 mm. The strips were suspended in a bath containing 10 ml of a modified Tyrode's solution of the following millimolar composition: NaCl 138, KC1 2.7, MgSO 4 0.83, NaH 2 PO 4 0.36, CaCl 2 1.8, and Tris(hydroxymethyl)aminomethane 25. The pH of the medium was adjusted to 7.4. The glucose concentration of the medium was 5 mM unless otherwise noted in the text. The salt solution was bubbled with 100% O 2 or with mixtures of O 2 and nitrogen (N 2 ). The pH of the medium was routinely checked; it did not deviate more
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than 0.1 pH unit in any experiment. The temperature of the bath was maintained at 37°C. A resting tension of 1 g was applied to each strip, and the strips were allowed to equilibrate in the bath under the resting tension for 2 hours before any treatment was initiated. Active tension development was recorded by a forcedisplacement transducer (Grass FT.03). To effect a change in the Po 2 of the bath, the medium was bubbled with calibrated mixtures of O 2 and N 2 . The Po 2 of the bath medium was determined by analyzing samples of the medium with a blood gas analyzer (Instrumentation Laboratory model 113). The aortic strips were frozen rapidly for later biochemical analyses by immersion in Freon maintained at its melting point ( -150°C). Freezing was accomplished in 1 second or less.
For analysis of the tissue content of ATP, creatine phosphate (CP), adenosine diphosphate (ADP), and lactate, frozen aortic strips (30-40 Trig) were homogenized in 0.6 ml of 0.5N perchloric acid containing 1 mM ethylenediaminetetraacetate (EDTA). This and all subsequent extraction steps were carried out at 0°C. A sample of the homogenate was removed for protein determinations, and the remainder was centrifuged at 3,000 g for 10 minutes. Then 0.5 ml of the supernatant fluid was neutralized with 0.15 ml of 2M KHCO 3 , and after another centrifugation the supernatant fluid was removed for analyses. The concentrations of ATP, ADP, CP, and lactate were determined as described in detail by Lowry et al. (4) by coupling these metabolites into reactions which result in either an increase or a decrease in the concentration of nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate (NADPH). The changes in the fluorescence of these reduced pyridine nucleotides were monitored in a Turner model 111 filter fluorometer. In all experiments we utilized 0.1 ml of the appropriate reagent (4) and 0.025 ml of the neutralized perchloric acid extract and carried out the reaction at 30°C for 10 minutes for ATP, CP, and lactate and 5 minutes for ADP. At the end of the reaction the reagent was diluted with 2 ml of a carbonate buffer, pH 9.7, containing 1 mM EDTA, and the fluorescence was read against reagent blanks. The fluorometer was calibrated for pyridine nucleotide fluorescence by reading a known dilution of a standard NADH solution. The NADH solution was standardized spectrophotometrically using a reference molar extinction coefficient of 6.22 X 10 3 at 340 nm. All assays were done in triplicate. Arterial glycogen phosphorylase activity was measured as reported in a previous publication from this laboratory (5). Tissue glycogen content was assayed after extraction of the strips in acidic methanol at -10°C by the method described by Needleman and Blehm (6) . Protein concentrations were measured by the method of Lowry et al. (7) , using bovine serum albumin as the standard. 
Results
RELATIONSHIP BETWEEN PO-j AND CONTRACTILE TENSION IN RABBIT AORTIC STRIPS
The protocol followed throughout most of the study is schematized in Figure 1 . Aortic strips were equilibrated for 2 hours in Tyrode's solution bubbled with 100% O 2 (bath Po 2 = 700 mm Hg). Phenylephrine ( 10~6M ) was added to the bath to produce a contraction of the aortic strip. Tissues which exhibited at least 2 g of active tension were used in this study. The average tension developed by the strips in response to this dose of phenylephrine was 2.9 ± 0.2 g. After allowing 15 minutes for the development of the steady-state contraction, the gas mixture was switched to one containing O 2 -N 2 mixtures ranging from 0 to 15% O 2 . If the Po 2 was reduced below 100 mm Hg, a new, lower steadystate tension was reached within 30 minutes, and this new tension was maintained for at least 1 hour. At this time, the effect of hypoxia on contraction was still fully reversible. Thus, we chose to look at the biochemical changes due to hypoxia 45 minutes after the initiation of the hypoxic period. The extent of the reduction in contractile tension at different levels of Po 2 varied as a function of the original contraction but was consistent when the data were normalized and expressed as a function of this contraction (Fig. 2) . Lowering the Po 2 from 700 to 100 mm Hg did not cause a detectable reduction in the active tension of the aortic strip ( Fig. 2) . At a Po 2 of 70 mm Hg (not shown) a significant but very small relaxation was observed, but at a Po 2 of 35 mm Hg or lower the ability of the muscle to sustain the contraction attained in 100% O 2 was severely compromised (Fig. 2) .
BIOCHEMICAL CORRELATES OF THE HYPOXIA-INDUCED RELAXATION
We examined the tissue content of ATP, ADP, CP, and lactate during the steady-state contractions of aortic strips at various P02 levels. The biochemical data were expressed as percents of the control values for comparison with the physiological data. Biochemical data from strips contracting at a Po 2 of 100 mm Hg were taken as control values. Figure 3 illustrates the changes in the tissue content of highenergy phosphate compounds induced as a result of graded reductions in the P02 of the bath. The actual tissue concentrations of the phosphate compounds at a Po 2 of 100 mm Hg 60 minutes after the addition of phenylephrine were CP 1.50 ±0.11, ATP 1.69 ± 0.11, and ADP 1.25 ± 0.12 ^imoles/g protein. ATP content of the tissue was only reduced by 40% (1.69 ± 0.11 to 1.07 ± 0.06 jumoles/g protein). ADP appeared to be even more resistant to changes in Po 2 ; only after 45 minutes of anaerobic conditions was a significant decrease demonstrable (1.25± 0.12 to 0.89 ±0.11 /Amoles/g protein).
The amount of lactate in the aortic strips increased considerably when the Po 2 was reduced from 100 to 35 mm Hg (Fig. 4) . This accumulation of lactate reached a maximum at a Po 2 of 14 mm Hg.
To test whether the hypoxic treatment resulted in stimulation of glycogenolysis and depletion of endogenous substrate (glycogen), measurements of the tissue glycogen content were made along with a measurement of the activity of glycogen phosphorylase. In all experiments glucose was present in the bath at 5 HIM. The fraction of glycogen phosphorylase found in the active (a) form increased as the Po 2 of the medium was reduced (Fig. 5) . However, no demonstrable net loss of glycogen was associated with the activation of this Effects of hypoxia on the contractile tension and the tissue content of kictate. Data were obtained as described in Figure 3 .
glycogenolytic enzyme at any of the Po 2 levels tested.
EFFECTS OF EXOGENOUS SUBSTRATES ON CONTRACTILE AND METABOLIC RESPONSES OF AORTIC STRIPS TO HYPOXIA
When the glucose concentration of the physiological salt solution was varied from 0 to 25 mM, the contractile responses to 10"
6 M phenylephrine at a Po 2 of 700 mm Hg were not altered. This finding that the muscular activity of arterial tissue is, at least for a period of 1 hour, independent of exogenous substrate confirms the earlier findings of Coe et al. (8) . However, we found that the reduction in tension development caused by marked hypoxia (Po2 = 14 mm Hg) was sensitive, in part, to alterations in the glucose content of the medium. Exposure of the strips, originally contracted in a Po 2 of 700 mm Hg, to a Po 2 of 14 mm Hg caused a 70-84% reduction in active tension development when the strips were bathed in 0, 0.1, or 5 mM glucose, 5 mM pyruvate, or 5 mM glucose plus 40 mM pyruvate (Fig. 6) . However, if the medium contained 25 mM glucose, the hypoxic insult resulted in only a 24% decrease in active tension development (Fig. 6). Figures 7, 8 , and 9 summarize the effects of alterations in the glucose concentration of the medium on the tissue content of CP, ATP, and lactate, respectively. It is interesting that even though there was no difference in the contractile response to phenylephrine at a Po 2 of 700 mm Hg by strips bathed in 0-25 mM glucose, there was a significant reduction in the tissue content of CP at low glucose concentrations under these aerobic conditions (open bars, Fig. 7 ). Also lactate levels were generally reduced by lowering the glucose concentration of the medium in strips at a Po 2 of 700 mm Hg (Fig. 9) . At 5 mM glucose, at which hypoxia (Po 2 = 14 mm Hg) caused a 76% reduction in tension, the CP concentration was reduced 58% to 0.52 /mioles/g protein (Fig. 7) Effects of variations in the glucose concentration of the bath medium on the tissue content of ATP during aerobic and hypoxic conditions. Conditions were the same as those described in Figure 7 .
•s 10 -25 mM 5mM 0.1 mM GLUCOSE CONCENTRATION FIGURE 9 NONE Effects of variations in the glucose concentrations of the bath medium on the tissue content of lactate during aerobic and hypoxic conditions. Conditions were the same as those described in Figure 7. significantly higher than that at 5 mM glucose (P<0.1). Hypoxia caused the CP concentration to be reduced even further, albeit from a lower control level, at 0.1 and 0 mM glucose, but this reduction was accompanied by reductions in contractile tension which were not different from those observed at 5 mM glucose. ATP was only marginally reduced during hypoxia at 5 and 25 mM glucose but markedly reduced at 0.1 mM glucose and in the absence of glucose (Fig. 8) . Lactate concentration was not augmented by the hypoxic treatment at 0.1 and 0 mM glucose, a treatment associated with considerable loss of active tension under these conditions (Fig. 9) . At 5 and 25 mM glucose, lactate increased during hypoxia: 52% at 5 mM glucose and 75% at 25 mM glucose.
Discussion
Our results indicated that the rabbit aortic strip was capable of sustaining a contractile tension originally achieved at a Po 2 of 700 mm Hg for 1 hour even when the Po 2 in the bath medium was reduced to 100 mm Hg. However, when the bath Po 2 was reduced below 100 mm Hg, we observed a decline in the steady-state contractile tone of the aortic strips similar to that reported in an earlier study (2) . These Po 2 values were those measured in the medium and, although they undoubtedly influenced the tissue Po 2 , we did not attempt to quantify the actual Po 2 of the arterial strips. Furthermore, the thickness of the aortic strips was such that during changes in bath Po 2 presumably a gradient of tissue Po 2 existed from the exterior to the core of the strips as suggested by Chang and Detar (9) .
The biochemical data obtained during the contractile responses to altered Po 2 in the medium allowed for several interpretations concerning the mechanisms which could have effected the physiological changes. The parameter which best correlated with the mechanical response to hypoxia was the fall in the tissue content of CP. Almost identical correlates were observed between the contractility and the CP content of the guinea pig taenia coli (10) . If this change is interpreted as a general index of the state of the energy stores of the arterial tissue, it is plausible to argue that the fall in contractile tone could have been a direct consequence of a diminution in the availability of chemical energy in the smooth muscle cells. Lundholm and Mohme-Lundholm (11) demonstrated that the rate of energy expenditure of the contracting arterial muscle was large relative to its meager ATP reserves. These investigators also showed that even the transient development of tension by arterial muscle required chemical energy in excess of the ATP stores within the smooth muscle cells; thus, an artery sustaining a tonic contraction must continually review its energy stores. If the tissue is deprived of O 2 , its respiration and thus its O 2 -dependent pathways for ATP production (i.e., the citric acid cycle) could become limited, and as a result the metabolic production of ATP could fall behind the rate of energy expenditure. If the rephosphorylation of ADP via oxidative phosphorylation lagged behind the rate of production of ADP by myofibrillar ATPase, this lag would induce the transfer of phosphate from CP to ADP with a resultant drop in the CP levels as we observed. Although the fall in the CP content could be taken as an index of a diminution in the energy available for contraction, the tissue content of ATP-the immediate source of chemical energy for contraction-did not change in a manner parallel to the contractile changes. Thus, these data could be taken as an argument against the simple hypothesis that the ability of the muscle to contract is limited by energy (i.e., ATP) availability. However, there are several considerations that do not allow us to dismiss the energy-availability hypothesis. First, the ATP pools within the smooth muscle of the aortic strip could be compartmentalized so that only a fraction of the total ATP is directly involved in support of contraction. This situation could account Circulation Research, Vol. XXXII, April 1973 for the lack of an exact correlation between contractile and ATP changes. Furthermore, it is possible that all of the CP is in rapid equilibrium only with that pool of ATP which is extramitochondrial and thus available for supporting contractility. In addition to the compartmentalization that could be expected for ATP in the smooth muscle cells of the aorta, any ATP in the nonmuscular cells of the aorta would tend to mask correlative changes in the whole tissue content of this metabolite. We have determined, for instance, that the adventitial layer of the aorta contains 25-30% of the ATP content of the muscular intima-media layers on a wet weight basis (unpublished observation). These nonmuscular pools of ATP in the tissue could also make correlations with muscle function difficult.
In view of the noncorrelation with ATP, however, alternative interpretations have been considered. Honig's hypothesis (1) for biochemical regulation of smooth muscle contractility in response to O 2 availability does not require changes in ATP concentration and thus fits our experimental observations. He proposed that smooth muscles having an adequate CP-creatine phosphokinase system would, during hypoxia, produce large amounts of P, and AMP without an obligatory reduction in ATP. Pi and AMP are inhibitors of some smooth muscle myofibrillar. ATPase, and if these biochemicals accumulated in sufficient amounts contractile activity would diminish. Herlihy and Murphy (12) questioned the applicability of this theory to vascular muscle, but in view of our results it would be interesting to carry out studies which include measurements of the tissue content of AMP and P..
The studies of the effects of exogenous substrate on the physiological and metabolic response to hypoxia are also difficult to explain in terms of causally relating available chemical energy to the relaxation following O 2 deprivation. Augmentation of lactate production by elevation of glucose concentration suggests that the sparing effect of the high glucose concentration on the loss of contractile tone could have resulted from augmented glycolysis and energy generation. Our measurements of the high-energy phosphate compounds provided no support for this hypothesis. Surprisingly, even the rather extensive depletion of CP induced by the hypoxic insult was not substantially altered by the elevated glucose content of the medium.
Lactate has often been considered as a potential causal factor in the dilation of blood vessels (13, 14) . The lactate concentration within the isolated 470 NAMM, ZUCKER artery was augmented by hypoxia but in a manner that did not exactly correlate with changes in active tension development. Furthermore, raising the glucose content of the medium from 5 to 25 mM attenuated the relaxant effect of hypoxia, whereas lactate levels were considerably elevated. Thus, the direction of change in lactate under these conditions was opposite to that which would be predicted if lactate was a primary cause of the hypoxia-induced relaxation.
Since indirect evidence has led to speculation that glycogen is the primary source of substrate within arterial muscle (15), we determined the effects of the hypoxic treatments on endogenous glycogen concentration. Interestingly, when the Po 2 was reduced to levels (<20 mm Hg) which severely compromised the artery's ability to contract and which diminished the stores of ATP, no detectable reduction in glycogen concentration was observed. The lack of a reduction in glycogen was seen even though there was considerable activation of the glycogenolytic enzyme, glycogen phosphorylase. Without speculating as to the possible control mechanisms operative in sparing glycogen in circumstances which would seem to favor its catabolism, it is clear that a depletion of endogenous glycogen reserves was not the cause of the energy imbalance and the relaxation which occurred as a result of hypoxia. Needleman and Blehm (6) have previously demonstrated the striking resistance of aortic glycogen to degradation, showing a net loss of aortic glycogen only after prolonged anoxia in the absence of exogenous substrate. It would be very interesting to ascertain the mechanism of the activation of phosphorylase under these conditions. We have previously theorized that calcium ions play an important role in this process in arterial smooth muscle (5) , but an involvement of cyclic AMP has not been excluded. It has been suggested that this cyclic nucleotide mediates the vascular effects produced by some drugs (16, 17) .
Whether any of these studies correlating physiological and biochemical events in large arteries can be related to the events which occur in small resistance vessels is currently a moot question. The experimental advantages of using large arteries as a model system for such studies is obvious. Once a substantial understanding of the biochemistry of vascular muscle evolves from such studies, we will be obligated to devise methods to explore the events in vessels of smaller caliber.
